
-—. ,, —

NATIONAL ADVISORY COMMITTEE FOR

.

AERONAUTICS

W’uu’mll Iumln”
ORIGINALLY ISSUED

May 1942 as
Memorandum Report

GENERALIZED SELECTION CHARTS FOR BOMBERS

WITH FOUR 2000-HORSEPOWERENGINES

By Maurice J. Brevoort, George W. Stickle,

and Paul R. Hill

huuzle~ Memorial Aeronautical Laboratory-.
Langley Field, Va.

/ LIBllARY COPY
/

,-
,/.*

.,-~ MAR 281957

,,,//’@ ~ WASHINGTON

.,.,,’
NACA.-’WARTINIE REPORTS are reprints of papers originally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

i L -669

.- --6=- .———. ..—



.

a

NATIONALADVISORY COMMITTEEFOR
,.../

. .
MemorandumREPORT

for the “

Army Air Forces, Materiel

:qqgilg)ljll’!lll i
.— i

AERONAUTICS

Ccmmand

GENER.KKZEDSEIXOTIOllCHARTS FOR BOMBERS

WITH FOUR 2000+ORSEPOWER ENGINES

By Maurloe J. Brev~onk George”W. Stickles “
and Pau~ R. Hill

SUMMARY
.“

A study has been made of’the characteristicsand per-
formanceof currentAir Forces airplaneswhere the material
used was that availablefrom flight and wind-tunneltests
and manufaoturerstspec?.ftcations.The Information”obtalned
from this study has been used to select familiesof bombers
and to oomputetheir performance.-

Performanceis representedin a series of chartswith
“coordinatesof power loading and wing loading. TMs type
of chart should greatly simpli~ the selectionof the
best airplanefor a given purpose.

Detailed discussionsof the assumptions,of the”
formulasused ti constructingthe charts of the pm?ameters
affectingairplaneperformancesand of &e Umltations of
the oharts are given In the appendixes.

.. ..
. . .

I~ODUOTION “
.. .

. .
s

The problem”ofselectlng”alrplanecharacteristics
for particularperformanceIs of great importancefrom an
economicand militarypoint of”view. The chsracteristlos
which an atrplanemay have are determinedby: (1) the
atmosphere.In which It.must openate$”(2) the materialsof
‘which it is composed;(3) the oharacteristiosof the fuel... and its method of utiiliztiti.dn..If therewere available
materialsof greater streng~ to weight,ratioand fuels
of more ava31abIeenergy or methods of utilizingtbe
availablefuels more efficiently,airplaneswould”-five
new characteristicsand higher performs.me.
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The airplane
the airplane with

designerhas the problem of’desi~ing
the proper oharaoterlstlcsor dimensions

so that-thehlghe~t possibleperformame of a given type-
1s obtained. The problem is to make the optimum choice
of (1) ower, (2) gross wei~t, (3) whg area, (4)aspeet
ratio~ h5 load faotor, (6)wing thickness,(7) altitude
0)? eir density,insof’aras a choicemay be ~de.

The proper ohoioe of seven variablesto give the
hlghest performanceIs a tedious job, and a job which
due to ImprovementIn materialand engines must be done
at frequentintervals. Ordinarilya designerrelies on
experienceand availabilityof’certain elementssuch as
engines,propellers,etc., rather than upon a detailed
analysis to select each characteristicto the very best
advantage. The selectionof characteristicsin this
manner results In the selectfonof e.irplaneswhloh are
short of the maximum possibleperformance. Selection
of’airplanesby experienceleads to specifyingairplanes
without full regsrd to the physical limitationsand
possibilities.

Performancecharts,such as are presented,give a
picture of the relationbetween the speed, range, cslimb,
and take+ff’charaoteristlcsahd relate these charac-
teristicsto the pr~ncipalairplaneparametersof wing““
loedlngand power loading. These charts enableone to
select the parameterswhich will give a certain type of
performanceand, even more important,show the lmpossl-
bllity of’certaindesiredperformance.

The prhary purpose of this report is to show the
lnterrelation~hlpsof the performancecharacteristics.
The actual valtlesof the calculatedperformanceare
only of secondaryImportanceas long as the trends In
performancewith thq.selectqdparametersare correct.
For thie-reasonIt,ts permissible to qake slmpllflcations
In the methodsM ahalysis@t may seem too drastic to
the man who MS been oonoqrnedwith accuratelydetermining
the performancedf each particularexistingairplane.

For example,if an airplaneIs flying to a base
5000 tiles out In the ocean and falls to reach the base
by 100 miles, the Importance of the range shortagemeans
+t the airplaneand the crew maybe lost. However, if
the.preliminarydesign of two airplanesshows One to have
“arange.of 5000 miles and the other “4$00.ml~es the range
@aracteristlos qre”taken to be eq+l beoause ~he broad

: s. ,.

. .
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“-natwe of assumptionsIn.prellplqary-dqslgndoes not
allow a range estimateto be aocumate to 2 pticent. - “.

The”report shouldnot be &terpreted as presenting
new methods of performame oalcmlatlonsto supersede
acceptedmethods. In the reading of the report it is
hoped that the prlmxry purposebe kept olearly In mind.

In seleotingsuoh parametersas wing-thldcness
ratio, design load faotor,and fixed weights,an effort
was made to oho@e values agreeingas olosely as possible
with modem practicie.In the otiseof drag coefficients,
however two sets of valuesweme chosen, one In agree-
ment wik modern airplanesand the other for airplanes
having a parasitedrag correspondingto simple skin
friction.

Suggestionsof the Air MaterielCommand have been
incorporatedIn the construotlonof’the charts presented.
Designers and buyers of airplanesshould find charts of
this t~e based on acouratedata very useful b the
specifying,designing,and operatingairplanes.

b

CD

CDO

cDi

CL
D.

e

SYMBOLS

wing span

mlnlmum specificfuel consumption,pounds per
brake horsepower-hour

coefficientmultiplyingthe distributedload to
give the effeotivedistributedload “

drag ooeffloi.ent

parasite-dragcoefflolent

InduoedUrag”ooefflolent .

llft coefficient ..

drag, pounds ..

span factor” ... . .. .... .

Mm. .m— .
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P

Lb

w/P

w/s

effeotivefrontal area of the bodi6s & an airplane,
square feet,

load factor

dimensionless

lift,”pounds . . .
, . .

enginebrake horsepower

excesshorsepowerfor ollmbl& .

dynamb pressure of’the a~~ stremn
pounds per square foot

aspect ratio

wing area, square”feet “

takemff distwm, feet

. . . . .

.. . .

()$@ ,“, ‘ “

root wing thicknessdividedby chord

net acceleratingforce (thrust-drag)

airplanespeed, feet per second

rate of’climb, feet p“ermlntite”
. .

gross weight of the airplane,pounds

gross weight of airplane less & and oil and
bombs, pounds

wing weight, pounds ..

distributedweight on tie wing, pounds
..

propellerefficiency

atr density,slugs per cubic foot

ratio of’lift to drag
...

power loading,pounds per horsepower

uing loading,pounds per square foot
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PRESENTATIONOF CHARTS
,., ..... . .. -..,,.. -,. _- ..,.-.. .... ...

A series ojl’oharts Is presented (figs.1 to 8)..
~ show@g the performanceof bombers aerodxoally and
?s ..” struoturallyabout equal to the”best .Produoedat the
4 present time and powered,by four 2000+orsepower engines

.superohargedto 25 000 feet. Each cbirt is made on
identicalcoordlna~e.axes W/P and W/S so that the
cha~t.?may be superimposedfor the easy qeleotlonof the
most desirableset of performancecharaoterlstios.“Fig-
ure 8 shows a oomposite.of.the performancechar.acterlstios
using .OBIYa few of the ourves of each dummterlstlc.

Figures10 to 16 show a slmllargroup.of ohdrts
for bombers’ofa greater aerodynamicexcellence,their
parasitedrag being talcenas Mttle more than skin-friotlon
drag. Figure 16 shows a oomposlteof the performance

. characterlstiosfor the low-dragbombers. .

.. .Values of’maximmm L/b for the two groups are given
in figures 9 and 17. . .

The assumptionsupon wlllchthe oharts are bui~t.are
given In appendixA; the formulasand methods of building
the charts are given In appendixB; a discussionof the
various parametersaffectingairplaneperformanceIs
given In appendixC; ~d a.dls.cusslonof the limitations
of the charts ts given In appendixD.

Eech performancechart representsthe performance
of’a family of airplanes”.If several charts represeqtlng
various types of performmioeare superimposedto form a
compositechart, as In figure 8, then eaoh point on .suoh
a chart representsa consistentgroup of airplarie”perk
formancecharacteristics.For example,for a btiber with
a wlng”loadlngof .37pounds per square foot and a power
loading of 16.2pounds per horsepower,figure 8 Indicates
a range of 9000 miles with a 2000-poundb~mb load, a taker
off distanceof 2000 feet, a rate of qllmb at sea level
of 1000 feet per minute, and a high speed of a llttle
ov~r 300 miles per hour at ~5.,000feet.

As an illustrationof the use of the charts, let”
.Itbe desired to select a bomber poweredby 2000+ors#epowem
engines, wtth a hl~ speed of 350 miles er hour, a r-e

f(witha 2000-=poundbomb load) of gOOO ml .6s, a take%ff

.. —
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distancenot to exoeed 2000 feet,‘and8 rate of’cllmb
not less than 1000 feet per minute at take-off. On
figure 8 the 350+nile+erAour-.speedmrve does not
Intersectthe gOOO~ile+ange curve.--.Henae, the desired
combinationIs not attalnable”wlththis family of airplanes.

However, If’an atrplanewith a range of 7000 miles
is acceptable the specificationsbeoome compatible.~
Any point ~m he area bounded above by the 350-mlle-
per+mur curve and below by the 7000+le curve (fig. 8)
representsairplaneswhioh have speeds.andranges greater
than the minimum specified. only area below tie 1000~ee%
per+ninute-ollmbcurve representsairplanessatisfying
the oltib specll?ication,Only area to.the left of the
2000-foottake-offmrve representsairplanes satisfying
the”takemff specification. The.area.representingbombers
fulfillingthe speclf’icatlonsis a sma3.1trj.anglebounded
by the 35f)=ile-~er-hourcurve, the .70@O+nlle-rangectqwe,
and the 2000—foottake--offourve. A power loadin of

f11.5 pounds per horsepowerand a wing loading of 6 pounds .
per square f’ootgive “a slightmargin over the minimum
specifications. This example”Is simply Illustrativeof
the use of the charts. Airplaneshaving other consistent
performancech~acterjstlcsdptermineother localized
areas on the charts.

I

If’the parasitedrag mn be reduoed to skin%’riotion
drag, figure 16 shows the performancetrends to be expected.
TakingIthe same values of power load?.ngand wing loading
(11.5 and 46) into the chart on figure 16, it will be
seen that the take-ff dlstanoeand rate of cllrnbare
the same”as in figure 8, or nearly so. me range has
been increasedto 9000 miles and the speed to over
400 miles per hour,

These examplesdemonstratethat”thespecification
of airplane”performanceis Intimatelybound u with the

Ypower loading (grossweight for.a given power. and wing
loadlng, If a great range (high power loeding is

{specified,a h@h top speed (low power loadlng capnot
also be specified. Similarly a high top speed is
obtainedwith a high wing loa&! and a short take-ff
distancewith a low wing loadlng. Hence, considerable
discretionmust be exercisedin laying down the”speolfioa-
tlons for am.airplanebecause of tbe confllotingdemands
made by the variousperformances.
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By moving around from point to point of a ohart of
thl~.~YPe~.gons-~~ucted for a partl.mlarengine power and
degree of aerod-o and structuralexcellence,it
becomes possiblefor the military taotlolanto select
the most suitableoomblnatlonof.performames for any .
type of mlssloliiThis selectionautomaticallydetermines
the pro em power loading and wing loadlngand a cony

fsiderahe portion of the preliminarydesign. . “

The op$hmm vlng.area for high speed Is not nearly
so hl~ at high power loadingsas at 10W4 Slme there
Is no possiblepol.ntin seleotlnga w@g loading above
the maximum for high speed, it follows that q high wing
loadlng is out of place at a high power loading. This
point becomesInoreasinglyeviolent as the airplanesare
superchargedto higher altitudes,for the opt$mumWlng”
area ~ou speed decreaseswith Increasingaltitude, (See
equationof optimum”wing loadingfor speed, appendixC.)

In certelnoases, as for operationwhere the operating
bases mast be set up lm.stil~,the take+ff distancemay
of’nc’~essltybe small enough to subjugateMe other types
of peri’crmance,There ~.sthen considerableloglc ~n .
maving across the oha??talong a predetmmln~d llne of
constant take-off’distanceIn seleotingthe wing and
po~xw l.cadlnggiving the best compromiseof the other
performances.

A seleot~onchart constructedfor a particulardegree
of aerodynamicand structuralexcellencebecomes a standard
to whioh the peri’ormenoeof actual airplanesof the same
power may be compared. Although it should be realized that
differentamounts of auxiliaryequipmentprevent airplanes
from being strictlycomparable,In general,airplaneswith
performanceswidely differingfrom the performanceindl-
oeted by a ohart are aerodynamloallyor structurally
Inferior.or superior to the stand~d.

.. .. .

Langle~MdmonlalAeronn.utlca~Laboratory
Nat?-on&lAdvisory Committeefor Aeronautlos .
. . LangleyField, Vs., my 11, 19!2

.-. .
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APPENDIXA

‘ AIRPLAK@ PAR.AME&RSSELECTED

.Alrplanecharaoterlstlosare subject to evolution. .
There Is a gradual improvementIn engines, structures,
and aerodynamic!dos”lgn.An effort has been made to base
the parametersof’the airplanesselectedfor investigation
on the best usage at the time of ~iting, In estimating
weights and &ags, liberal u“se has been made of the informa-
tion on modern Air Forces airplanesmailable In the
MaterielCo?mnandLiaison OffIoe at L&ngley Field,

The parameters“appearingas variableson the selectton
oh&ts are wing loadingand power loading. Other parameters,
such as drags end wei~?m, are varied systematicallyover
the charts. Others, such as wing-thicknessratio and
aspect ratio, are consideredas constants, Append2x A Is

, a disousslonof’the par~metersthat are incorporatedIn
the chartsbut do not appear as ch=t coordinates. .

POWER PLANTS

The bombers are all poweredby four 2000-liorsepowerm
engines. It is assumed that eaoh.requires a nacelle
projeotedfrontal area of 25 square feet for adequate
housing and the admissionof all oooling air. Weight
estimatesare made to includeall auxiliaryequipment
necessaryfor full power operatl’onto 25,000feet. The
curves assumed for mlnlmum speoiflcfuel consumptionand
enginerpm for operationon minimum speoif’iofuel con-
sumptionare given in figure 19.

DRAG

Two groups of bombers representingtwo degrees of
aerodynenicrefinementhave been selectedfor investiga-
tion, Airplanes of one group have a parasitedrag equal
to that of a modern bomber, one of the best of recent
design. This group thereforerepresentsbonibersproduced
at the present state of design progress. The parasite
drag of airplaneswithin this group, based on the total
surfaoearea of the airplane,is about 0.0050.



Airplanes of “theotherugroup Investigated”have
...., ,Pa??aslt-ag. coef’fiolentQf about 0.0035.based on

9

a

surf’aoeareaj or very”little‘more-than ‘~6 turbulent
skin-frlotlondrag‘ofaerodynamicallysmooth surfaces.
It Is belleved that this airplaneneed not be relegated
to the distantfuture slnoe Wind-tunneztests of a com-
plete model have alreadydemonstrateda design with’s
~rasite drag equal to an equivalentskln<riotton drag
of 0.00350

Fuselageand naoelle’@ag have been based on an .“
“effective”frontal area. “This area Is oonstsntat
1~ square feet for the four naoellesand fuselage.
This allows for a fuselagefrontal.area proportional
to the gross weight of the airplane to the two-thirds
power. The effeotlvefrontalarea Is taken constant
beoause, as the gross weight Increases,the naoelles
become effectivelysubmergedin the wing. Figure 18
shows how the nacelle and fuselageareas vary.

The parasite-dragcoefficientIs made’up of the wing,
tall, fuselage,and naoelle components. The values chosen
to representthe two-groupsare given In the following
tables

Drag Table ,. .

I

Case I I Case ~1

I I IArea based Drag coef= Area based Drag coef’-
on: ficlent ons flclent

I
w
Tall
uselagei
nacelles,

ruaelage +
nacelles

Wing area
Wing area
Effective
frontal
area

Wing area

O.oogo
m:o

J

Wing area
Wing area
Effeotive
f’rental
area

wing pream

0.0070
.0020

.. .060

.Oq’;s

ITotal I ICDO = 000120 + O&?F/S CDO = 0-0090 + Os06F/S

BPAN FACTOR .

An addltlonto the parasiteand ideal Induceddrag
with Increasing lift ooeffiolentIS assumed and expressed
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as an increasein the induoed dra#. Thus, the Induced
drag is dividedby a “span factor as in the equation

!Rte value of “e” is taken as O.8 ~.nthis analy$ls.
. .

PROPEILER EFFICIENCY . .. .“ . ..’

It was assumed that a propellerefficiencyof
85 percent could be realized, In order to simplifythe
performancecomputations,it Is assumed that coolthgpower
is proportionalto brake power.. This assumptionmakes
it possibleto take account of the cooling lossesby an
equivalentreductionof’the propellerefficiency. Five
percent of’the brake power was allowed for cooli~h.g;ving
an effectivepropellerefficiencyof’80 pert’ent. ‘
value was used in all performancecalculations...In order
to make a constantvalue of 80 peroent”effectivepropeller
efficiencyapplicableto”the.range calculationsfor the
condltlonof maximum L@ and minimum specific.fuel
consumption,It was necessary to make these otiputations
at sea level. (See the sectionon propellerselsctlon
in appendixC,)

. . .
. . .

Figures 20 and 21.,computedaccording to the assump-
tions used throughoutthts analysis,show that the effeot
of ~pect ratio on ~ange is not critioalover a wide
range of aspect ratio. A value of ’12Is conslderedto”
be reasonablefor range and for other types of’”performance.
This value has been used.throughoutthe analysis.

LOAD FACTOR’ . : I 5.

.

A design load.factior-of4 with .the2000=poundbomb
load has been usedioverthe entire chart. This is
suff’loientto protectagainst amstandardgust of 30 feet— —
per second. V-6ry
this load factor.

. .
..

—— , ■ ■ ■✍

moderatemaneuverabilityis affordedby

.. . .. .
“.

. . . . .
“..t .. . .

II
. ..
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. ... -,. , ..- WIm ~-cmms ,-.,

A 20+eroent wing+ihloknessratio at the root”chord
was used for all the alrplanes~ ~S Wi~ iS thick-enOU@l
to keep the wing weight reasonable but-not thiok enough :
to oause a high drag or to experlenoecompressibilityat
maximum speed. ..

WEIGHT

After a study of’ Atr Fdroes airplanes,it was
assumed that: . .

1. Fuselageweight is 8 peroent of airplanegross
weight.

2. Landing-gearweight IS 6 percent of airplane
gross weight.

3. Tail weight is 10 percent of wing weight.

4. There are certainfIxed weightswhioh vary slightly
with the gross weight.

—

.

Gross weight,
lb 60,000 100,000“150,000 200,000

Engines “and 18,000 18,200 18~500 18,800
accessories

ArItm? ad 2,500 3,30q 4,100 5,000
armament

Crew and 1,600 2,,000“ 2;000 “ 2,000
equipment

Instq.nmnt8and 700. .800 ..goo . 1,000...
fixed equip-
melit .. . .

..

Fixed weights 22,800 -24,300”.25,500 26,800
..

L.

. .
. .

5j Weight of fuel systti“equals0.55 poti pOr .&.lon
of gasoline
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6. wei~t of Itibrioatingsystem equals 1.25 pouds
per gallon of 011.

Siiff$ctentta&age”we%ght Is Included t~ obtain maximum
r~ge’ with no bomb load.. The Im@cs”areassumed”.tob.e
carried”in the wings. . .

.... . . . .
..”. . ..

WING WEIGHT
,.

,.

Wing weight Is determinedby considerationsof
strength. An expressionequating.the internalresisting
moment to the externalbending moment at the center
sectiqngives the followingrelationship: ““~. . . ..:. . .

.
w- (Clwp+ Wq) ~ fR3/2s@! ““’“... ,~& .!..- .... . W1 t. .

.. ...”

where K is a dimensionlessconstantdependtmt“upon~~

lF.The distributionof lift elong the.span. *~..

2. The strengthweight ratio-ofthe.ma~erial used
In *e constructionof the wing.

.,. .-... ... ., .....
~“3.The perfectionof the design as an ef’f’icient~ .

weight to strengthbeam. The higher the. K, ..the mpre:
efficientthe beam as a weight-oarrylhgstructure., .

For simple loading conditions,such ek those”for pursuit
airplaneswhere nearly all of the load Is concentrated
in the fuselage,It is to be expectedthat e.value of
C1.tao would approximatethe loading conditions, For
multimgine bombers,where a large portion of the load
‘Isdi~trib,utedalong the wing, a valtieof C

i
between 0,5

and unity would be expectedto approximatet e loadlng
condltlon. The followingtable shows the values of K
computedfor for a number of air-C1 =0” and Cl = 1 .
planes taken from references1 and 2 and tie files of
the Liaison Office d’ the MaterielComend at Langley
Field; Va,
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Im=
plane

I

F
P-36A
P40J3
P-41
B-15
B-’
B-1E

B+ ?
B46
B-32

T
Design Wing
gross area,
weight,
lb Sq f’

5,400 236
6,700 236
6,700 224
70,0002

F38,000120
“22,280 965
140,;0:~8

d
26;500 6.02
95,5001422

lootwlng[Aspect

I
Mclmess ratio
+ chord

T
0.15 5.9
.15 5.9
.16 5.78
,20 8.0
.18 7.5$
.15 8.4
.19 10.63
● 22 I11.55
.17 7.03

I 81.23 12.

.
.:, .

.“%
“. .“

. . .

. .. .

Wing DesignLoad dlst@i-K for K , for
weight, load butionalongCl=o c~=l

factor tirlg~
lb lb

I I
815

r;
6,600
5,554
3,829
25,000
6,774
2,900
12,500

12
12
12
4.3
5:;

2.05
5.5
5.5
5.5

.4-” —

45,000
18,700
7,900
8 ,000
ii1 ,500

. -----

60,000

100,000“*&-
114,000“y——
104,000-----

%$% %?:%
134,00076:500
224,000.58,,000
161?00070,500
114,000-----?
275,00076,5oo

I 1 I 1

..

.,
. .,

,.
. ..

I
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For the purpose of.thi.sanalysis~”a value of K u 100 000
and a value of Cl u 0,85 were used on the basis of the
study of existln.gairplanes. To,solve this;equationfor
wing weight If’the value of the loed.to.be carried in
the wings is as yet unknoyn, W2 may be conveniently
expressedas the gross wetght less the weight of the
fuselageand the weight carriedby the fuselage (including
the tail surfaces)less the wing weight. .

Figure 20 Shows Me way struct~a~.weight and weight
of’gas, oil, and bombs vary with wing loading and power
loadingfor the assumptionsoutlinedin this appendix.
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. ..
Ap~mIXB .: ..- , .,”:.... ..%.. i.-.. ., ...... ....

KE~ODS OF COMPUTATION “.. . “ . ..~
. .

~
) .-

4 There.are several types.of pkrformame for wh2ch an
a3rplsnemay be designed,such as range, speed, take-off,
and cllnibsEach of thesewill be consideredand the .
formula presentedfrom whloh the cotiput”ationshave been
made.. ,.

It would be almost Impossibleto constructg@er&l.’..
charts If each possibleairplanedesomibedby the chart
was computedwith the detail whichlanairplanedesigner
uses for one airphne, Itls thus necessary to make estl-
mates.of drag, weight, propeller.efftctency,oooling
power, etc., which are either C0JlGtm2t or”vary in a
systematicway o.mr the possibleramge of parameters .
covered In the ch~rt.

This sectionwill be devoted to presentingthe formula
and Introducingthe necessa~ysimplifyingestimatesfor
the construction.ofthe charts.

The range of an
Breguet formulaby a
by Dlehl.

airplanemay
step+y-tep

. .

be oomputedfrom the
method as suggested..

range

where

n propellereffloienoy

o specificfuel constithn .

L/b lift to drag ratio

W1 alr:;annw:lght at the beglnnlng of an Increment

w~ airplanewetght at tlieend of an Incrementof
range

I
.
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“ The applicationof this formuha
is simply F matter of’selecting
v~ris.blesfor each incrementof

to R pnrtlmlar etrplme
the proper values of the
range considered. For a

particularairplanethe v~lue of Lb depends on the
flylng attitude,the value of o depends on the power
output and rpm of the engines and the p??opellerefficiency
depends on the ~daptebilityo? the propeller.

A compu&tlon of the maximum possible range for a.given
alrplme requires F rigorousanelysts of’the vml~tion in

the expression *. However, wh~ it Is d&ired kO :.

only give R picture of how the range verles with lar@ “
. ..

chzmges in the parametersof the ~.irplme,such as wing
lo~dlng or power loadlng,then certain simplifications “
to the osculations ~re permissible.

For the purposesof this report it wss sssumed that q
remeins constant~.t8c)percent throughoutthe flight (see
sectionon propellerefflclenoy),the eirplane is always
flown at maximum Lfi (sea section”onEwximum ‘L@); snd
th~,tthe velue of c only vmies with the engine power “
(see sectionon specificfuel consumption). Oil consump-
tion has been ~ccountedfor by e.ssumlngthe oil consumption
is equal to 5 percent of the fuel consumption. This assumP-
tion-is the equivalentof’
in the denomlmtor of the

The br~ke horsepower

p.=
550

introducinga ~tiplier of 1.05-
range equation,.

required to fly the.~lrpleneIs

Introducingthe conditionsfor max Lb, thpt induced
dr~-gis equal to the profIle dreg“ofthe elrplme,

;C+=2CDCD = CDO e o

i.. .

Dlvldlng CL by CD We.obtain “:
..
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At max L@ the power gquationbecomes “
.. . . . . .,, ,..-,

Knowing the power whtoh must be developedby the “ ~
engines for level flight at max L@, a ourve of
speolflcfuel consumptionIs consultedto obtain
the value of o in the range equation.

RANGEREDUOTIOIU

The range reductionIs taken from the curves of
flying weight versus range obtainedin the process of
range comDut.ation.The ranm reductionIs obtslned
on ~he as~umption
distance equal to

that the ~ombs are dropped at a
one~lf the range.

MAXIMUM SPEED

The maximum speed WPS oomputedfrom the basic
relations;

P = DV/q

r)= @+gpv2-
CL .&

g 9V2

These formulas ooniblneto gtve

I .( CDO
w. )Qp WV 550TlP - ~ PW3...

By substitutingvalue:‘of.V .~d” S: in the above ‘f
equation,t?he.v-alueof. W Is oomputedsnd curves.. “ “
of cons.kantspeed &e obtainedaS In figume 1. -.

,“ .. .-... ... . . . .... . ..1:. ,.”!

— —
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FtmE OF CLIMB .

The rate of climb Is determinedat max I@
by the excess power avatlablef’orolimblngover that
required for level flight. The general expression
for rate of olimb Is

Substitutingthe aqx?esslonsfor q L~

and

it follows that

The take-offmn 3s calculatedassuminga level
field and no wind. .Propelleref’f’iclencyIs as=
sumed to vary linearlyfrom zero at the beginningof
the run to 80 percentat.90 ,mllesper hour and to
rematn aonstantet 80 percent“above 90 miles per
hour● In order to simplifythe calculations,rollin&
frictionand alp reslsthnceduring take-offare ao-
oountedSor by assuming this resistanceis equal to



.

I

10
at

percent of the
the Instantof

ckL8tanoe
dlstame

The
dlstame

to clear
given.

propellerthrust.
take=off-.18..taken.
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The lift ooeffi.oient
as CL ~ 1.3. The

an obstacleIs not InoltidedIn the. . . .

baslo equationfor mmputlng othe take-off
Is

. .

where Vto is the take~ff”speed, feet per seoond. For -
the assumptionsjust stated.and if the take-offspeed is
less than 90 miles per hour, this equationintegratesto

Wws= 3.35--
Ps

If the take-ff speed Is above 90 miles per hour, the
equationbeoomes

s = 30.1: + o.43(w/s)3/2: “

A comparisonof the above method with the more exact
method used by the MaterielCommand, taking into aocount
ground frictionand aerodynamlodrag, shows the.tthe
take-offdistandeas computedIn this report is slightly
too long for the light wing loadlngsand is sllghtlytoo
short‘forthe very high wing loadlngs. For the comparison “
made, the two curves cross in the nel@borhood of 70 pounds
per square foot wing loading. Because the more exact
method required a graphicalIntegrationof each point on “

.,

the chart and the method used In this report requires
only the solutionof an equetion~there.isa vast dlffereno~.
In the labon requiredby the two methods. The method used
seemed justifiedfor use aa an indicationof the variation.
of take-offdlsteme wlth,the other ~rplane parameters..

. . .

.. . . .
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“APPENDIX c “
..

,> ..
D190USSIONOF’PARAMETERSAFFECTING

. .

PERFORMANCE ““

Aspect Ratio “

The e.spectratio used In the design of en drplane
is determinedby e compromisebetween structuralweight
and induceddrng. High aspect ratio gives hl@ structural
wing weight and low Induceddrag. For a given gross
weight, the Increasein structuralwing weight decreases
the f?.ielloed and thus the renge. The decrease In Induced
drsg resultingfrom an increasein aspect re.tloIncreeses
the distence traveledon P given fuel load. A balence
between these two factors determinesthe best aspect retio
for maxtium rmge. .’

A comparisonof the ~spect ratio selectedfor pursuit
airplsmesend four-glne bombers Immediately”reveals
that the pursuitsh~ve ‘alower aspect r~tio. This has
come eboutbeoause the pursuit airplanesere designed
with h?.ghloe,dfactors,conoentretedmloadsin the fuselage,
and thin wings for compressibilityrequirements. All of
these factors increasethe relative importanceof wing
we~ght● The bombers sre designedwith low loed factors;
a lerge part of the load is distributed.alongthe wing,
end thickerwings Pre used than on pursuit airplanes.
These factors tend to mlnlmizewing weight. In this case
maximum range Is obtainedwith a relativelyhigh espect
ratio.

The precedingillustrationserves to show the extent
to which the optimumtispeotpatio depends on the parameters
of load fa.o”tor,the load dlstributlon,md the wing-
thiclmessritio. Figures 21 end 22, computedaccording
to the assumptionsof appendixA, show ttit the optimum-
aspectr~ltlotncreaseswith an.ticrensein wing loadlng.
As the wing loading is inoreased,the Induceddrag becomes’
of incree,sedImportanceend the optimum aspect ratio”ls
incrimsed. It will be noted, however, that the curves
of renge versus aspect rntlo are very flet, end the effect
of aspectratio on bomber range is not criticalover a wide
range of aspect rptlo.

The amlysis of thfs p~per assumes that the wing
weight is e functionof the bending moments in the wing.
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Thls assumptionmay not be .trpe..-.
tigine”bo@ber”with a ‘large-part
throughoutthe wtng because the
neoessery to keep the wing free

for a”h$gh-speed multl-
of the load dlstribllted
tcmsional.rigidity...
from flutter troubles“.- ‘~;

IMY 81ve We most seriousde8Qm ~~~t~~n.” such a - - -
design aonditlonma~ form the :sel@ationot‘n lower. .
aspeot ratio for thq airplane,

.:.
.-

Load:Factor .““ . . . .
Perf’orman~e.is vitally affectedby distgn 10ad . “ . .

fabtor. If a bomber were deel~ed with.a load.faotqr
similar to %hat of a pursuit airplane,its r-e and. . ‘
load< ar?!gingcapsoltywould be seriouslyreduced, The .
low.loadfactorsused for heavy bombers require that
maneuversbe restrlotedbut give a low structuralweight
that permits a lsrge useful.load of bombs and fuel. The
extent to which the load factormay be reduced Is llmited
by the gust loads encounteredin fllght.

The effect of design loe,dfactor on performance
e.ccountsfor the variety of alternateloadingoondltions
and correspondingldad faotorswhich are consideredin
airplanespecifications.For a given eirplane,the ~
dispositionof the load about the alrplene,determines
the maximum opera,tlngor lllimitltload factor. For exsmple,
the design load factor for en airpl.enemy be 4 for a
loadingcondition of one 2000qound bomb and the remainder
of the load as gasolinedistributedalong the wing span.
However, if 15,000 pounds of bonibsae cemled in the
fuselageand the gasollneload Is deoreasedto give the
same take~ff weight, the load factor may be reduced to 3
by this loadingcondition.

In the latter case”the bomber hm a short~ange
mission. In reality there”is nothing in suoh a mission .
which shoud permit a lower load factorthan a lqngaange “
scoutingoperation. Load factorsused in practiceare .
not enttrelylogical but rather area result.of using .
a given type‘ofairp~anefor @lYferenttypes of duty.

A point worthy of considerationIs the torsional ““,
rlgldttyof the w-. The flutter tendenoyof the W~
depends on the relationbetween Its benaing.and..torsiona
rzgidity. High aspect ratio and increasing’speed:plaoe
Incqeaslngimportanceon the flutterproblem.
structuralweight of high-speed-bombbrwings.mayeventually
depend more on flutter thsn on bending and the load factor.
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PropellerSelectloh

If the hfgh speed anil.qaximumrenge of an firplane
we both to be..obtainedat the same altitude,it is
necessaryto”select a propellerthat is “e.compromise “
between these conditions. For the maximum-mge condi-
tion, a large propeller”diameterIs required to ~.bsorbthe
engine power et the rpm requiredfor minimumspecific
fuel consumption.This lergediameterincreasesthe
propellerweight,Inoreasesthe weightof the landing
gear,md reducesthe ~J/b d’ the propeller section for
the hlgh~peed opersti.ngcondition. If the optimum~ange
propelleris selected,it ma pend.lze the effectivehigh-
speed efficsl.encyas muoh as $ percent. However, If the
optimumhl~-speed propellerIs selectedand the maxlmum-
rsnge conditionor flight is neglected,the propeller“
will stall at meximm Lb md minimum specificfuel
consumption,giving 8 seriousreductionof renge.

If the hlgh~peed design is for high altitudeand .
the maximumqenge conditionis desired for low altitude,..
then a given propellermay be optimumfor both conditions
of fllght and no compromiseis necessnry. “Thehigh-speed
conditionat 25,000 feet, as used In this report gives
propelleroperatingconditionsthat ~re nemly l~entical
with-themaximum Lfi conditionfor minimum speclflcfuel
consumptionnt sea level. For this reason the range has’
been computedfor ses level throughoutthe report. The
assumptionof 85 percent propellerefficiencyfor the
conditionsof this report closely approximatesthe true
efficiency. If the renge had been computedfor 25,000 feet
e.ltltude,It would have-been necessaryto make an an~lysls

~a for each airplaneand eachof the expression

loadingconditionin order to get the maximum ronge, because
oper~.tlon~t mexlmum L~, at minimum specificfuel con-
sumption,and at maximum propellerefficiencywould have
been Impossible. The range at see.level is the,maximum
rzmge obtainablewith no wind. The range remains constant
as the altitudeincre~sesup to the altitudect which the
Imreased speed requires too much ower for operationat-

?minlrnumspecificfuel consumption see sectionon specific
fuel consumption)or the Increasedaltitudeloads the
propellerup until some of the propellersectionsstall.

The magnitudeof the change @ propellerefficiency
due to compressibilityeffectsfor flight conditionsis...
,..

,
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not well defined at the present time. Some preliminary.. data Indtowteothat ~the oondltimna -of.fli~t. W&Ter “ ‘“:
considerablyfrom thoseIn a wind tunnel. These dat~
Indloatethat the loss in eff’iclenoydue to compressl~~ ..
billty for-the”renditionsof the test was much lessithsn -
would.be expeotedfrom tunnel tests. These resultsmlgh~’U
be intelmretedas an extensionof th6 subsonicrange of. .,’,
flight ofimight be Inter&eted as snindlb~tlon of–the. . .-
~h~~~bllityof supersonloflow WIthout compressibility

The explanationof’flight test results on.pro-
pelle& operatingin the range where compressibility
losses would be expectedfrom wind-tunneltests is one
of the most Importantproblemsfor present-dayre”seamh
since, for high-speedelrplanesoperatingat high altitude,
the entire al~lane design ~a.”crltlcallydependentupon
compressibilityconsiderations.

Grs.ntingthe Incompletenessof the knowledgeof .
compressibilityeffeots,certain thingsmay be said
regardtngthe change in compressibilityconditions.wlth ‘“
operatingcondition. For the high-peed conditionof
f’llght,the ~,dverseeffectsof compressibilityare always
less as the eltitudeIs decree.sed.The Increasein alr
density,as the e,ltitudeIs decreased,lowers the pro-
peller sectionlift coefficientand thus the 10CS1
velocityover the propellersections. The higher alr
temperatureat low altitudeIncreasesthe speed Of sound.
These two considerationsare suf’flcientto change the
operatingconditionsof a propellerso that it may be

. .
,.

.*.
. .r

. .

...

in serious troubleover th~ entire radius et 25,000 feet . ...
end be completelyfree of troubleat sea level,

{I

, SpecifioFusl Consumption

Fiw”e 19 showshow theminimumspecifi~fuel . .....
~onsumptlonend the rpm for mlnlmum speoif’lcfuel con- ...
sumptionvqry with horsepowerfor an existing .....
2000-horsepowerengine. The ourve of mini.mpnspecific’. ~j
fuel consumptionIs taken from a fmily of test ourves
for this engine giving the variationof specific.fuel . ‘::
consumptionwith r~ for verious c~nstanthorsepowers.
An envelopeof the-mlnlmumpolnts of this ~titly of test.
curv~siyieldsthe two curves of flgW?e 19. The signifloanse!.
of the rpn curve*S discussedIn the seotionon propeller:..:
selection.ti ●.1....-. .... .. . ....“

... .....-
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To~obtainmaximum range for flight.at mucim&” L/b
and oonstantpropellerefficiemy, operationon minimum
specificfuel consumption1s necessary. If other con&-
ditionspermit, lt.3s desirable.to operate a ~ticular
alrplme on powers correspondingto flat portion of the
minimum speolficf%el~onsumption curve (belowBOO horse-
power, fig.”1.9)where the values are lowest.. .

For op~e.tion~t maximum Lb the speed Increases
as the altittideIs lncroasedmd the power required to
fly incree.sesin direct proportionto the speed. Zt.
follows that, for a given airpleneend the”engine used”
in this analysls,an altitudewill eventuallybe reeched,
where the specificfuel consumptionwill begin to rise
beoeuse tlibengine power exceeds800 horsepower. Fob the
case of the heavily loadedbomber that required8c)0horse-
power or more et se~.level to fly ~.tmaximum.L@, the
range will decreasewith altitudePa the power Increases

.,
. .

“, .

.

. . .

.. .

. ..”

.-. .,.

,..

.-

. .

end-themini.mumspec~f’h f’uel consumption-increases.Thus, “’
Insoferas the limits Qf engine economy are concerned we
same rmnge as obt~~ned.at sea level may be obtainedup
to the eltituderequiring800 horsepowerper engine.

..
.“

Mexlmum Lift to Drag Ratio
. .

For a constantfuselageend nacelle.”frontalerea the
maximum L/b is, in general,incre~sedby increasing
the wing ere~o Then, in order to balance induced and
parasitedrag, the speed at maximum Lo Is reduced.
The top speed is aJ.soreducedbecmse of the @reased
skin-frictionalaree.

Incree.singmud-mum L/b is one method of increasing
the renge. This may be accomplishedby inco?easlngthe
wing mea to the pofmt where the increasein structural
weight f’ora f’ixedgross wei

%
t cuts Into the fuel capaoity

to offset the increasein L These points nre.the . . “
minimum points.on the constant”rangecurves on any of
the rmge ch~rts. .

~ on the other hmd~ maximum L/t) Is inoreased
by Improvingthe aerodynamiccleanliness of “theslrplme,
not only is the renge Increasedbut the speed at maximum
Lb, the top speed,..pmd.thespeed for any given engine
power me also lncre~.sed.An idea of the increaseof
range and top speed.obt~lnableby this method may be had
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by oomp&?lngt@z~@rts fob hha bdniberswith

Go -16-,? 5J”” I - .J - ----..t .- . . . . . .. . .
= “o.0120+ —

s
with those for bonibere~~~ “

CDO
; ,.

\* ”..
. .

‘,-.
. . .. . >

* . . .
.-

The ollniblrgspeed.for a given power loadlng elmgs
lnoreas~s as the L@ ratiu of en airplane~is Improved.’;

If the Lb is Increasedby “anIncreaseIn aspect
re.tloat oonstnntpower loadlng,the~rate of climb and
high speed till be Improved.

Power Loading .

Obviously,the top speed and rate of climb decrease
~~~~t~treaslng power loadlng,wing lo~.dingremalnlng

An Inspectionof the range charts shows, on
the oont&ry, that rnnge Increasesmarkedly with increase
In power loadlng. This is beoause the proportlona~e
decreaseof weight of enginesahd accessoriesand the
;e~~~lng increeseIn fuel capao$tyis the predomlmting

The incres.sein rsnge with power loading is
rapid &til the power loadingrenches the point where the
specificfuel consumptionof the enginesbegins to rise.
From this point on the rmge Increasesless md less
rapidly up to the llmltingconditionof full power
required to fly et maximum L/D.

A cruisingspeed definedby a given percentage of
rated power wlll,of oourse,decreasewith increasedpower
loeding eitherwith constantw

%
area or wing loading.

However, the speed at maximum L will not be Inherently
changedunless somethingIs done at.the same tfme to
change the parasite-ag coefficientof the airplane.

It mm be argued that as the power loadlng Is
inoreasedthe wing lo@lng must be decn?easedsuf’fioiently
to titatn a reasonable take-off run, and a lower speed’
at msxlnxumLO Is the result. This effect Is more
properly ohm?gedto’the effect of wing loadlng.

..
W- Load&

An inspectionof the
Y
erformencecharts shows that

for a given power lending or gross weight) there is pn
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optimumwing loadlngfor high speed.
loacUQRIs seen to beno?nelsrge~“with

The optimum Wng
decreasing power .

loRM3@ and Increasing.speeds; The opt- occtis ‘“
2 ~ i.sequal to the proflle*ag ooeffl-

‘or (C%.sjfi
olent of’the wing and tall. In this analysis%all-eurface
erers hkve been taken as proportionalto the wing aree
Fzid,consequently t~.11dzmg acts as nn IncreaseIn wing “.
profile drag. The followingequat-~onis a solutionfor
the optimumwing loadlng for high speed: :.:...

.“

In this equation CD Is the profile~ag coefficient
o

of the wing plus *T-other drag effect vemying directly
wlth”wingmeg (as tail drag In this report).

‘&e oharts P.lsoshow that for a g~ven power loading
-ere is en optimumwing locdingfor renge. The optimum
wing loadlng increaseswith power lending nnd Increases
slightlywith bomb loed. The value“ofthe optimumwing
lbading is rather moderRte,ranging roughly from 20 to
60 pounds per squere foot.

The rate of climb decreasesslowlywith increasing .
wing loadlngwhile take-offdistmce increasesvery
rapidlywith increasingwing loc,ding.

Power Per Engine

The optimum amount of power per”enginefrom an aero-
dynamicpoint of view has recentlybeoome a debat~ble
questionbecause of the high power that is now e,vailable
per engtie and the high altitudeat which this power is
maintained. The comblmtion of high power md high
altitudedemands s large propellerto absorb tie power
efficientlyand, consequently,the weight and complication
of the propellerere strongfactors tending to limit the
unit engine power. An adequ~tetreatmentof this problem
would require a separate.paper in order to survey the
field but an idee of some of the ~actors Involvedmay
be ob&lned from the followingtable:

...

:,: .. ,
..t

‘ “.,.
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All of the assumptionsfor the @O-horsppow~r eng~nes
are extrapolated values and mnsequently are subject to
large Inaoouracies, but the propeller ce.loulatlonsare
representative of current praotice.

It was assumed that the number of blades inoreased
with the power in order to keep the propeller diameter
and weight as low as possible for the hlgh~wer engines.
The.weight of the propeller that would absorb MO horse-
power e,tMO miles per hour and 25 000 feet sltitude is
seen to be 1830pounds,or a weigh; per horsepower of
0.46poundper horsepower.

.
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DISCUSSIONOF.LIMITATIONSOF TEE CtiTS ~ .

Maximum Speed at 25,000 Feet Altltude .

The actual values of speed are very dependentupon
the assumptionsof drag, aspect ratio propeller efflcienoy,
end altitude, but are tidependent of he assumptions on
weights or load .factors. The trends of speed versus. u/P
and W/S =e correot provid3ng that the same aerodynamic
cleanness is obtained on all bombers represented on the
ohart. The prlnuu+yuse of the speed chart by itself’
is to afford a means of estimatingthe efI’eotof varying”
the gross weight or the wing area, or both, on the speed
of a proposedairplane.

Range at Sea Level

The range as mlculated Is the rsnge whloh can be j
obtainedcarryingthe bomb load half-ay. The calmilatl.~
was made for sea level In order to avoid troublewith.
overloadingthe propellerdue to the low rpm requiredfor
minimum speolfic fiel consumption at small powers. The
range Is applicable.to an

7
higher altitude that does not

decrease the ratio of q o. The variationof this ratio
with altltudq.Is dependentupon the power required and
the propeller.design. The larger the ~opeller the,
higher altZtud? at which the maximum ratto ean ~e obtfid~.

The possiblerange of.these airplanes.&ttie.deslgn
altltu~ ynder serviceconditionsof operatloais-of the
order of two-thlr~ to tixres+ow!thsof the valtisshown
on the chats.

...)

Rate of Cllmb at Sea Level ~

The rate of climb of an atrplane is ~imarily -
dependent upon the ooordfnates of W

F sd $“-~~erate+f-ollnib formula shows that W
P- v=~ables in the formula and that the CDO oomes
in only as the fourth root. This means that an eitlmatton
of the rate of olimb of any modern @plane may be-obtained
by the.use of the chart with the ooordlqates of W/P
and W/S .
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me use of 80 percbnt““@opi$ller effIciency for the
rate-of’+limbconditionat see level Is #ustifiedpro-
viding th~t the,,propelleris correctlydesignedfor the
high-speed“6bndltion”F.*”25;000 feet; ““The‘higheltltude
with high speed, low @nsity and low speed of sound
Imposes & morb severepfiopel~er’conditionthan the low
altitudewith low speed,high density, end high speed of
sound.{. ......~.%. .......... . ., ..

... .--%. ..
. . ...... . ... . l%lce+ffRun - “-”I.......... “., .. ......:.. - .. -. :,.’..“ “

!...”~b tdie~ff:btiyt”(fig~.7j””:b kha ~am ~stig the
cooqdlna~eti’~.W~”‘and.W/S’M? the dmrt”and consequently
may be-qpplie~directly to :e.11afnplsnes...:~e tab-off
distence-ofan””airplanedepends onmeny things, such as-
the type and coddltion”ofthe runway, the:llf’tcoefficient
maintainedby the pilot during the run and et the instant
of takeaff, end the e.veragepropellerefficiencyduring
the run. The assumptionsmede for propellerefficiency
during the teke-offrho sd% fop the-recommendedpropeller.
me mmne~.of aocountlngfor friction is very approximate
and tend8“;tg‘lf’a*otithe ~ehvyJplefies~.relative.to the lighter
ones. “.”.“~ . . . . “ ““,.t “ . . ..

P...,,!..
-. . . .

.-.. .’ . ,. : . “:. . ....r . ,.-: - “ :.. . . .
1“:.- :. ‘... CONCLUD+G- &i.&S’ . .,

:. .... .. . . . .1-..,. . . .. . . . .. ,.,..:- . ,
..., .”. . .. .. . .. . I i -.. . . . .. . ,“

@@ I?o$egding’ disbus~lohdf the ~hexts sho’ustheir
use and liirW%a~j@s~.These outs are simply illustrative
of a system&ti&.metliodof.”.presentationwhich allows the:
selectionof m ~irplaneIn a manner so that one may see
$he completelcohpromlsewhfch Isbelng made. Each airplane
dbsj.gnerprobablywill have other assumptionswhich he.
will wi#h to “useIn builditrgbharts of his own. .“.’.

.. . ..

. ,, ...
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..

. .
:. ‘..

. . .
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. J..Huls, S. R ., and Reger R, J.: Wei@ts of Remnt
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TypicalAir Corps A~rplanes.ACTR Ho ● 4399,
MaterialDiv.~ ArmyAlr c-s, July 16, 1938●

1
2. Roch# J. As, and Paok M. No: Bombers(Second

k
Ed~tlon ; Appendix ~ by Ralph L. Cram, Boeing
Aircraf’Co.; nppendi.xB by A, A. Priester,Pan -
AmericanAirways. ACTR No. 4401, MaterielDlv,,
Army Air Corps, July 29, 19*,
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